Microsatellite instability (MSI) is observed in f12% of colorectal cancers. Genes containing a mononucleotide microsatellite in the coding sequence are particularly prone to inactivation in MSI tumorigenesis, and much work has been conducted to identify genes with high repetitive tract mutation rates in these tumors. Much less attention has been paid to background mutation frequencies, and no work has focused on nontranscribed regions. Here, we studied 114 nontranscribed intergenic A/T and C/G repeats 6 to 10 bp in length, located distant from known genes, to examine background mutation frequencies in MSI colorectal cancers. A strong correlation with tract length was observed, and mutation frequencies of up to 87% were observed in 8 to 10 bp tracts. Subsequently, to compare the background mutation rate in transcribed and nontranscribed noncoding repeats, we screened nine randomly selected intronic C/G8 repeats. In addition, the coding repeats of seven suggested MSI target genes, and nine previously published intronic A8 and G8 repeats were analyzed. Intronic repeats seemed to mutate less frequently than nontranscribed intergenic repeats. Our results show that strand slippage mutations in mismatch repairdeficient cells are as abundant in short intergenic repeats as in many proposed MSI target genes. However, under mismatch repair deficiency, strand slippage mutations in transcribed sequences seem to be repaired more efficiently than in intergenic nontranscribed sequences. The mechanisms causing these differences are not yet understood and should be a subject for further studies. For MSI target gene identification, repeats in transcribed sequences seem to be the most appropriate reference group for coding region repeat mutations. [Cancer Res 2007;67(12):5691-8] 
Introduction
Microsatellite instability (MSI) manifests as small deletions and insertions in short repetitive sequences genome-wide, and is caused by a defective DNA mismatch repair (MMR) system. MSI is detected in 10% to 15% of colorectal, endometrial, and gastric cancers (1, 2) , and is associated with hereditary nonpolyposis colorectal cancer syndrome (3) (4) (5) (6) . The evolution of MSI tumors is a continuous process of mutations and selection favoring neoplastic growth, and the driving force for carcinogenesis is mutations in MSI target genes. In 1997, the National Cancer Institute workshop set criteria to distinguish real MSI target genes from bystander mutation targets. These included (a) a high frequency of mutations, (b) biallelic inactivation, (c) involvement in a growth suppressor pathway, (d) inactivation of the same pathway in MSS tumors, and (e) functional studies in in vitro or in vivo models (2) . More recently, statistical tools for identifying real MSI target genes have been developed (7, 8) .
The cornerstone of target gene identification has been high mutation rate. The first proposed MSI target genes were TGFbRII (containing A10 repeat), BAX (G8), and IGFIIR (G8) showing mutation frequencies of 82%, 51%, and 9%, respectively, in MSI colorectal cancer (CRC) tumors (9) (10) (11) . Since then, tens of novel MSI target genes have been proposed (8) , but few functional studies have provided evidence for a causative role in MSI carcinogenesis (12, 13) .
In MMR-deficient cells, mutations in noncoding repeats distant from splice sites are unlikely to promote carcinogenesis. Background mutation rates in MSI cancers have been studied only in intronic repeats probably because full intergenic sequences were not available at the time, and one would not expect a fundamental difference between strand slippage mutations in intronic and intergenic mononucleotide tracts under MMR deficiency. The detected intronic mutation rates have been low: studies of 18 randomly chosen intronic repeats length 6 to 10 bp, screened as control repeats, show somatic mutation rates of V6% in MSI CRC tumors (8, 14) . In a study of 29 intronic A8 and G8 repeats by Zhang et al., nine repeats showed high mutation frequencies between 25% and 54% in CRC cell lines (15) , but some of the repeats were not examined in germ line tissue. Two other studies have examined identical tracts as Zhang et al. but with primary CRC tumors and corresponding normal tissues (16, 17) , and in these studies, high mutation rates were not confirmed. Our recent pilot study of 10 intergenic A/T9 microsatellites showed high somatic mutation rates in MSI CRCs, 70% being the highest detected (18) . We wished to extend the study to examine whether high mutation rates were indeed commonly detected in intergenic sequences, and whether mutation rates in transcribed regions-evaluated with the same material and methodology-would indeed display lower mutation rates.
In this study, we report the analyses of somatic background mutation rates in 114 short intergenic nontranscribed A/T and C/G mononucleotide repeats in MSI CRC. Additionally, to compare the mutation frequencies of intergenic repeats with neutral intronic transcribed repeats, we sequenced nine randomly chosen intronic C/G8 repeats. To examine whether the sensitivity of our methodology played a role in the results, we also examined mutations in seven previously proposed MSI target genes and nine previously published intronic repeats.
Materials and Methods
Sample selection. The CRC samples and corresponding normal tissues used in this study were selected from a population-based sample set of 1,042 colorectal tumors collected since 1994 (19, 20) . The studies were approved by the Helsinki University Hospital Ethics Committee. The sample set for mutation screening of intergenic and intronic regions, and seven coding repeats (TGFbRII, BLM, CtIP, MSH3, MSH6, IGFIIR , and BAX) consisted of 30 MSI-High colorectal adenocarcinomas; 20 sporadic tumors and 10 cases carrying a germ line MLH1 or MSH2 mutation. For intergenic repeats AC105204_2, AC105411, AC104013, AL442644, and AC093511, and for the seven coding repeats, a larger sample panel of an additional 70 MSIHigh CRCs was also used, consisting of 54 sporadic tumors and 16 cases with a germ line MLH1 or MSH2 mutation. A sample panel of TCF-4 sequencing has been described in our previous study (18) . Genomic DNA was extracted from fresh-frozen specimens evaluated by a pathologist, and 90% of the samples displayed >60% carcinoma tissue. The normal tissue DNA was extracted from blood or normal colonic epithelium distant from the site of the tumor.
Intergenic and intronic DNA sequences. One hundred and forty-one intergenic mononucleotide repeats were selected randomly, distant from known genes, from human chromosomes 1 to 22 using the Ensembl database (release 28, February 2005). 6 Telomeric and centromeric areas, and X and Y chromosomes were excluded. Fifty-one percent of the repeats were located >1 Mb from known genes, and 91% were located z0.1 Mb from known genes. AC105204_2, AC104013, and AL442644 were located >1 Mb whereas AC105411 and AC093511 were located 0.2 Mb from known genes, respectively. The selection of nine previously published intronic repeats is described in Zhang et al. (15) , and the nine additional intronic C8 and G8 repeats were selected randomly from chromosomes 7 to 16 using the Ensembl database (release 40, August 2006). 6 Some of the loci were polymorphic. Data was not gathered from experiments in which germ line DNA was found to display other sequences than the expected wild-type allele in homozygous form.
Mutation screening. Primers were designed by using the Primer3 program 7 (primer sequences and PCR conditions are available on request). All the fragments with an 8 to 10 bp repeat were amplified using proofreading enzyme Phusion (Finnzymes). PCR products were purified enzymatically using ExoSAP-IT reagent (U.S. Biochemical Corporation) according to the manufacturer's instructions. Direct sequencing was done by using Big Dye Terminator kit 3.1 (Applied Biosystems), and ABI3730 Automatic DNA Sequencer (Applied Biosystems) according to the manufacturer's instructions. If a mutation was detected in a tumor, corresponding normal tissue was always analyzed to confirm their somatic origins. Mutation signals >10% were scored as mutations (compared with wild-type signals). If the signal of the mutant allele was 10% to 30% of the corresponding wild-type signal, particular attention was paid to the tumor percentage of that specific tumor to differentiate between nonclonal and clonal mutations. TCF-4 sequencing has been described in our previous study (18) . In three intergenic repeats (AF015262, AP004835, and AL442183), reference sequences from the database showed incorrect repeat lengths. In these cases, repeats were analyzed according to the true genotype detected in our sample set.
Flanking sequence. Flanking sequences of the 114 intergenic repeats were extracted from Ensembl database (release 28, February 2005). 6 C+G content, and evolutionary conservation were analyzed for surrounding sequences of the 114 repeats. C+G content was determined 500 bp upstream and downstream from the repeat. The VISTA alignment tool 8 was used to analyze the conservation of flanking sequences between human and other species (mouse, rat, fugu, chicken, frog, dog, cow, and opossum) 2,500 bp on both 5 ¶ and 3 ¶ directions from the repeat.
Probability threshold P = 0.5, calculation windows 25 and 100 bp, and minimum conservation identity of 70% were used. In addition, from each repeat type 7 to 10 bp in length, we selected two repeats with the highest mutation rates (n = 16). The flanking sequences of these repeats were searched for possible shared DNA motifs. To identify DNA motifs 500 bp upstream and downstream from the repeats, we used tools from Genomatix software package (Genomatix Suite, release 3.4.1, including GEMS Launcher software package, release 4.2.1). First, we used CoreSearch tool (21) to detect V20 bp DNA sequences (motifs) located in the flanking sequence of the selected repeats (n = 16, threshold 0.9), and identified six shared motifs. Then, we used MatInspector tool (22) to identify the prevalence of these six detected motifs in the flanking sequences of all succeeding repeats (n = 114). More detailed information on the software is available at Genomatix. 9 Statistical methods. Before statistical analysis, Kolmogorov-Smirnov test was used to test data normality. Because data was not normally distributed, Spearman correlation (two-tailed) coefficient (r) was used to estimate correlation between mutation rate and repeat length, and C+G content of flanking sequence. Kolmogorov-Smirnov test, and m 2 test were used to define the distribution of a motif in the data set. m 2 test was used for other analyses. For all tests, P < 0.05 was considered significant. SPSS 12.0.1 (SPSS Inc.) was used for statistical testing.
Results
Screening intergenic repeats. Of 141 intergenic repeats, 114 (81%) were successfully analyzed in at least 83% of the 30 tumor samples ( Table 1 ). The sample panel of 30 MSI CRCs contained no single tumor with significantly more mutations than others; the observed mutation rates within a tumor were normally distributed (P = 0.21, Kolmogorov-Smirnov test). Repeats of 6 to 7 bp displayed low mutation rates (average mutation rates, 0.55%, and 3%, respectively; Table 2 ). Much higher rates were observed in the repeats of 8 to 10 bp, and many of them (25 of 60, 42%) showed a rate of z30% (Table 2 ). In the 8-bp repeats, the highest mutation rate was 37% (average, 13%), in the 9-bp repeats, 81% (average, 32%), and in the 10-bp repeats 92% (average, 50%; Table 2 ). Repeats with the highest mutation rates were examined in an additional 70 cancers, and as detailed below, the mutation rates in the extended set were typically somewhat lower (Tables 1 and 3 ). There was a strong positive correlation between repeat length and mutation rate (correlation, 0.81; P V 0.001, n = 114; Fig. 1 ), both in A/T repeats (correlation, 0.81; P V 0.001, n = 69) and in C/G repeats (correlation, 0.84; P V 0.001, n = 45, Spearman correlation). C/G repeats were more unstable than A/T repeats in 8 to 10 bp lengths (n = 60, P V 0.001, m 2 test; Table 2 ). The great majority (97%) of the mutations were heterozygous. Deletions covered 89% of all mutations, whereas insertions were observed in 11% of mutations detected. In 94% of mutant cases, mutant allele peak intensities were >30% of the corresponding wild-type signal. Of all intergenic repeats, 23 showed germ line polymorphisms (Table 1) . Polymorphic 8 to 10 bp long repeats typically contained a large variety of heterozygous and homozygous repeat insertions and deletions of different sizes in germ line tissue. Because the amount of length polymorphism was highly variable, in long repeats, the amount of data gathered was in some cases low (Table 1) .
Flanking sequence. The flanking sequences of 114 intergenic repeats was analyzed, but no significant correlation between mutation rate and C+G content, or for rate of evolutionarily conserved sequences, was detected. In two repeats with the highest Research.
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Screening intergenic and coding repeats with 100 MSI CRCs. Five intergenic repeats with high mutation rates were screened with an extended sample panel of 100 MSI CRCs, and somatic mutation frequencies were consistent with the rates observed in 30 MSI CRCs. Detected mutation frequencies were: 19% (AC105204_2; initial mutation rate, 21%), 30% (AC105411, 37%), 41% (AC104013, 53%), 74% (AC093511, 76%), and 77% (AL442644, 92%; Table 3 ). There were no significant differences in mutation rates in the two sample sets (m 2 test, P values: 0.20, 0.14, 0.08, 0.20, and 0.07, respectively). The seven coding repeats harbored mutation rates of 93% (TGFbRII, containing A10), 28% (BLM, A9), 27% (CtIP, A9), 54% (MSH3, A8), 27% (MSH6, A8), 26% (IGFIIR , G8), and 55% (BAX, G8), respectively ( Table 3) . None of the coding repeats showed length polymorphisms in germ line tissue. In 99% of mutant cases, mutant allele peak intensities were >30% of the corresponding wild-type signal.
Intronic repeats. Nine previously unpublished intronic C/G8 repeats, selected distant from exon-intron borders, showed somatic mutation frequencies between 11% and 22% (Table 4 ). In five of these repeats, germ line polymorphisms were detected (Table 4) . Of nine intronic A8 and C8 repeats originally published by Zhang et al. (15) , two loci failed to amplify, and in seven successfully analyzed repeats, somatic mutation frequencies of 10% to 47% were detected. Germ line polymorphism was detected in four of seven of the repeats (Table 5 ). In previous studies of nine intronic repeats, polymorphic samples were not excluded (15) (16) (17) , and therefore, the mutation rates between these studies and our data are not directly comparable. To enable the comparison, we have determined the mutation rates of these seven repeats both by excluding and including polymorphic cases, and both of these mutation frequencies are presented in Table 5 . Altogether, in 16 intronic repeats analyzed, 96% of all mutant peaks were >30% of the corresponding wild-type signal. 
Discussion
To our knowledge, this is the first large-scale analysis of somatic background mutation rates in MSI cancer. In our recent pilot study, we screened 10 intergenic A/T9 repeats with MSI CRCs and detected high mutation rates in general, 70% being the highest rate observed. In that work, 60% (6 of 10) of A/T9 repeats showed a mutation frequency of z20%, and in 20% (2 of 10) of the repeats, a mutation frequency of z50% was detected (18) . In this extended study of 114 intergenic repeats, the results of our pilot study were confirmed: High mutation rates up to 87% were detected in presumably neutral repeats. It has been previously known that mutation frequency in mononucleotide microsatellites is dependent on the length of the repeat, and C/G repeats are more prone to mutations than A/T repeats (14, 15, 23) . Also in this study, a strong positive correlation (correlation = 0.81) between repeat length and mutation rate was detected, and long C/G repeats were significantly more unstable than A/T repeats. Therefore, our results were consistent with previous studies. It has been suggested that the surrounding sequence might affect the mutability of a microsatellite (15, 18) . We did not detect a significant correlation between repeat instability and flanking sequence. In order to analyze the possible effect in more detail, a larger, and more homogenous repeat panel would be desired.
We wished to compare the mutation frequencies of intergenic repeats with the mutation frequencies of suggested MSI target genes by analyzing the coding repeats of the suggested MSI target genes. The seven coding repeats analyzed in this study (TGFbRII, BLM, CtIP, MSH3, MSH6, IGFIIR , and BAX), and one coding repeat (TCF-4) screened in our previous study (18) , harbored similar or slightly higher mutation rates with 100 MSI CRCs described in previous studies (8, 14, 24) . Seven previously published intronic A/T8 and C/G8 repeats (15) (16) (17) successfully amplified here showed mutation frequencies of 10% to 47% in our analysis after excluding all polymorphic cases. If this data needs to be compared with three previously published studies of intronic A8 and G8 repeats (15) (16) (17) , mutation rates should be calculated by including polymorphic cases. Using this approach, the mutation rates here were significantly lower than those detected by Zhang et (16, 17) , our sample set showed higher mutation rates (P V 0.001, m 2 test). The differences in mutation rates can be explained by the different sample materials studied, and additionally, mutation detection instrumentation might be variable. Generally, the modern sequencing instrumentation we used in this study provides high resolution, higher than gel separation protocols used widely in the past. However, because the results of coding and selected intronic repeat sequencing in this study show consistency with previous studies, the high (8, 14, 24) . cTCF-4 sequencing was done in our previous study (18) . Figure 1 . Correlation between mutation rate and repeat length in intergenic repeats with 30 MSI CRCs. Correlation between mutation rate and repeat length in all the repeats was 0.81 (n = 114, P V 0.001). Black spheres, data points. Correlation was calculated using Spearman correlation.
intergenic repeat mutation rates detected here cannot be explained by methodologic factors.
There are only few studies of background mutation rates in MSI cancer, and from noncoding areas, only intronic repeats have been analyzed. To compare the mutation frequencies of unselected transcribed and nontranscribed noncoding repeats, we analyzed nine unpublished intronic C/G8 repeats. This comparison was of interest because published studies of unselected intronic repeats show low somatic mutation rates of V6% (8, 14) . Also, our results suggest that overall, somatic mutation rates of unselected intronic repeats are low because 22% was the highest mutation rate detected in C/G8 repeats. In this study, intergenic C/G8 repeats harbored significantly more somatic mutations compared with the identical intronic repeats screened in this study, and in previous studies (P V 0.01, m 2 test; ref. 14) . For this comparison, we only selected studies of intronic repeats with mutations of verified somatic origin, and repeats of unselected nature to exclude possible selection bias. For these reasons, three studies (15) (16) (17) were excluded. The major difference between introns and intergenic regions is that the latter were not transcribed. Transcribed DNA is subject to transcription-coupled repair, which was primarily thought to remove UV-induced lesions. However, there is more recent evidence that transcription-coupled repair also removes oxidative DNA damage, and this could well be a source of mutations and other types of genomic instability (25) . As far as repeats are concerned, introns contain the obligate polypyrimidine stretch, which is required for the correct splicing of pre-mRNA and which should be conserved. Cells mutated in these regions might be selected against. It is also possible that the frequency of homologous recombination between transcribed genes is higher than between nontranscribed regions. Thus, a mutation in a transcribed region may be repaired by gene conversion more readily than a mutation in a nontranscribed region. The latter point is unclear in normal genes, but class switch recombination in immunoglobulin loci is dependent on transcription (26) . The putative mechanisms underlying the difference in correction of strand slippage between intergenic and intronic regions warrants further study. In our study, intergenic repeats 8 to 10 bp were frequently mutated, and in MSI target gene studies, repeat sizes of 8 to 10 bp were also especially relevant. By 2002, 131 coding repeats length 6 to 10 bp had been investigated in MSI CRC, and the great majority of those repeats, 79% (99 of 131), were 8 to 10 bp (8) . The generally accepted MSI target genes TGFbRII (A10) and BAX (G8) show mutation frequencies of 60% to 94%, and 33% to 66%, respectively, in previous studies in MSI CRCs (8) . In this study, somatic mutation frequencies of 93% (TGFbRII), and 55% (BAX) were detected in 100 MSI CRCs. When candidate MSI target genes are evaluated, the type and length of the repeat in question is highly relevant, in addition to the observed mutation frequency. In addition to the high mutation rate, functional analyses could provide additional proof of the possible involvement in MSI tumorigenesis. In MSI target genes, frameshift mutations in the repeat cause impaired protein function, and hence, functional consequences might be detected using in vitro and in vivo models. For example TGFbRII is accepted as a real MSI target gene by functional modeling (13) . However, TGFbRII defects have been subsequently proven to associate with Marfan syndrome according to genetic and in vitro analyses (27) . Hence, mutations in one gene can be associated with distinct phenotypes. Another similar example is the strong association of BRAF mutations in developmental disorders-but not cancer-in the context of germ line mutation, despite the wellestablished role of BRAF as a somatically mutated cancer gene (28) . Thus, when examining candidate MSI target genes, interpretation of functional data as well as in vivo phenotypes may be challenging, and even comprehensive approaches such as animal models may not always produce conclusive evidence.
Of the many criteria proposed in 1997, the most robust seems to be mutational involvement of the gene in MSS tumorigenesis. Although such involvement would show very strong evidence for selection, it is clear that MSI and MSS tumorigenesis follow somewhat different routes and true target genes are rejected if involvement in MSS tumorigenesis was considered a prerequisite. Thus, the identification of true MSI target genes is certainly possible if multiple lines of evidence support it, but many current candidate target genes must wait for formal recognition far into the future.
